Biominerals produced by biological systems in physiologically relevant environments possess extraordinary properties that are often difficult to replicate under laboratory conditions. Understanding the mechanism that underlies the process of biomineralisation can lead to novel strategies in the development of advanced materials. Using microfluidics, we have demonstrated for the first time, that an extrapallial (EP) 28 kDa protein, located in the extrapallial compartment between mantle and shell of Mytilus edulis, can influence, at both micro-and nanoscopic levels, the morphology, structure and polymorph that is laid down in the shell ultrastructure. Crucially, this influence is predominantly dependent on the existence of an EP protein concentration gradient and its consecutive interaction with Ca 2+ ions. Novel lemon-shaped hollow vaterite structures with a clearly defined nanogranular assembly occur only where particular EP protein and Ca 2+ gradients co-exist. Computational fluid dynamics enabled the progress of the reaction to be mapped and the influence of concentration gradients across the device to be calculated. Importantly, these findings could not have been observed using conventional bulk mixing methods. Our findings not only provide direct experimental evidence of the potential influence of EP proteins in crystal formation, but also offer a new biomimetic strategy to develop functional biomaterials for applications such as encapsulation and drug delivery.
Introduction
Biomineralisation is the process of mineral synthesis by living organisms. [1] [2] [3] Molluscan biominerals, in particular, have attracted much attention due to the production of different polymorphs of calcium carbonate within a single shell. 1, 2, 4, 5 The shell architecture of Mytilus edulis, for example, consists of an outer calcite layer and inner aragonite layer. 6, 7 The contiguous formation of these two polymorphs is under exquisite biological control enlisting specific proteins and carbohydrates to form a robust shell. [8] [9] [10] In bivalve molluscs the extrapallial (EP) fluid occupies a cavity between the mantle tissue and the shell and contains high concentrations of proteins, many of which have Ca 2+ -binding properties and possibly dual functionality in the context of shell formation and heavy metal detoxification. 11 The model suggested by Addadi et al. 8 proposes that the mantle cells are in direct contact with the mineral. 8, 12, 13 The constant protein composition of the extrapallial fluid and the calcium-binding activity of the most abundant EP protein 11 supports the role of the extrapallial fluid as the source from which proteins are recruited to the site of biomineralisation. 12, [14] [15] [16] Indeed, in red abalone, flat pearls were formed on inorganic substrates, such as glass or mica, inserted into the extrapallial space. 12 Insights, innovation, integration
Unraveling the role of individual proteins in the process of biomineralisation is challenging due to the complicated and dynamically variable nature of the biological system. Using microfluidics, we have created a highly controlled in vitro system that may well resemble aspects of the processes occurring in natural shell formation. This approach, where a range of diffusion gradients can be followed, provides scenarios akin to in vivo systems where the extrapallial fluid (EP) is supersaturated with respect to the shell mineral proteins. Using this novel approach, we demonstrate the critical role of the 28 kDa EP protein concentration gradient in crystal morphology and polymorph selection. In conventional bulk experiments this information is not accessible.
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These observations highlight the necessity to fully characterise the plethora of EP proteins and to understand the role and function of individual proteins in the biomineralisation process. In this study we used EP fluid extracted from the common blue mussel, M. edulis.
The most abundant EP protein of M. edulis is a highly glycosylated dimer with a monomeric molecular weight of 28 kDa. 11, 18 The protein is acidic (pI between 4.08 and 4.67) and has binding capacity for positive ions including Ca 2+ , Mg 2+ , Cu 2+ and Mn 2+ . 11, 18 Although these characteristics suggest a possible role for this protein in biomineral shell formation, there is, so far, no direct experimental evidence that demonstrates its role in inorganic crystallogenesis.
To realise the aspiration of assigning functionality to these EP proteins requires a novel approach where experimental control at high temporal and spatial resolution is paramount and only small quantities of proteins are required. Recently we have demonstrated the potential of microfluidics as a new platform for understanding biomineralisation. 19 Many advantages of microfluidics over bulk systems have been demonstrated such as fast analysis, small sample consumption and excellent reproducibility. 20, 21 These advantages have been exploited in life sciences e.g. cell engineering, 22 drug delivery 23, 24 and protein studies. 25, 26 Real time growth of CaCO 3 crystals in the presence of EP extracts was monitored on-chip with in situ Raman microspectroscopy to determine the resultant crystal polymorph. 19 Here we look specifically at the calcium-binding activity of the most abundant EP protein. We demonstrate the power of microfluidics to probe the complex factors that control biomineralisation, providing insight into the influence of this specific protein that cannot be obtained from experimental crystal growth in bulk solutions.
Materials and methods
Materials and preparation
Reagents for calcium carbonate crystallisation: Calcium chloride (CaCl 2 ) and sodium carbonate (Na 2 CO 3 ) were purchased from Sigma Aldrich. Extrapallial (EP) fluid proteins were extracted by syringe from the space between the mussel shell and the mantle tissue and then purified using ion exchange and gel filtration chromatography. Bovine serum albumin (BSA) and vitamin-D induced calcium binding protein (Sigma Aldrich) were used in protein experiments. All solutions were buffered in 100 mM MOPS buffer at pH 7.5.
Microfluidic device fabrication
T-junction microfluidic chips ( Fig. 1) were made by casting polydimethylsiloxane (PDMS) elastomer against an SU-8 master as described elsewhere. 19 The total length of the serpentine microchannel was 5 cm, with all microchannels having a uniform cross section of 130 mm (width) Â 100 mm (height). The PDMS was clamped against a cleaned glass substrate, forming a reversible seal, and microfluidic interconnects were created using established methods. 19 Reagents were delivered through the two inlets using syringe pumps (KD Scientific).
Experimental settings for on-chip crystallisation
Microfluidics was used to identify the role of the 28 kDa extrapallial (EP) protein in the biomineralisation process by screening CaCO 3 crystal growth against a background of (i) 28 kDa EP protein, (ii) bovine serum albumin (BSA) (as a negative control since it has no Ca 2+ -binding properties) and (iii) a 20 kDa calcium binding protein (Sigma) as positive control. Protein was added to the CaCl 2 , Na 2 CO 3 or both solutions as shown in Table 1 prior to on-chip experiments. Two concentrations of proteins were chosen, namely, 50 mg/ml and 10 mg/ml.
A small amount (5 ml) of the CaCl 2 and Na 2 CO 3 solutions (described above) were delivered using carrier liquids at the same flow rate of 2 ml/min (i.e. 5.12 mm/s in the channel) through the two inputs respectively. Optical microscopy was used to record crystal formation and the resultant crystal morphogenesis. Duplicate on-chip experiments were carried out for in situ Raman monitoring of the crystal polymorph. Immediately after the experiments, the clamped chip was immersed in pure ethanol to separate the PDMS chip and the glass substrate. The PDMS chip was then dried with nitrogen for subsequent SEM imaging. No changes in crystal morphology and polymorph have been found to result from this treatment (at the optical resolution limit).
Bulk system for calcium carbonate crystallization
In order to compare the microfluidic system with traditional bulk calcium carbonate crystallization, each set of experiments Integr. Biol.
was also carried out in bulk. Briefly, 100 ml each of the two solutions as described in section 2.3 was rapidly mixed for 1 min and then filtered through a 0.2 mm Millipore membrane, followed by rinsing with pure ethanol to preserve the crystals that formed. These crystals where then removed from the filter for Raman and SEM analysis.
Raman spectroscopy in polymorph identification
Raman spectroscopy was used for calcium carbonate crystal polymorph identification. Spectra were obtained from a LabRam INV Raman spectrometer (Jobin Yvon Ltd.) using a 632.81 nm laser beam as the excitation light source. Each spectrum was recorded with 10s integration time. An average of three spectral measurements on each crystal was used in the analysis. Both calcite and vaterite have a strong Raman peak at 1086 cm
À1
. In vaterite, the corresponding peak is broader with a shoulder at 1074 cm À1 . Additional peaks at 710 and 281 cm À1 confirm calcite. 19 
Scanning electron microscopy
Scanning electron microscopy (SEM) was used to study calcium carbonate crystal morphology. The samples were sputter coated with gold/palladium and examined using a Hitachi SEM S-4700 with an acceleration voltage of 10 kV.
Results
Designing complex concentration profiles on-chip
Understanding the diffusion-controlled influence of proteins and ions in mineral formation is fundamentally important for informing our understanding of biomineralisation. Microfluidics provides an ideal platform for investigating such processes. A typical microfluidic channel has dimension of tens of microns. At this scale, mass transport is diffusion controlled under laminar flow conditions. Thus, stable concentration gradients can be readily achieved in microfluidic devices. For the T-junction device used in this study, a flow velocity of 5.12 mm/s was applied to provide both laminar flow conditions and a range of concentration gradients along the length of the channel, so that a full range of crystal forming conditions could be assessed simultaneously. 19 Fluidic computation is a powerful method that reveals mass transport in a complex system. Using computational fluid dynamics software (Comsol) we have previously constructed a complete set of concentration profiles for CO 3 2À and Ca 2+ in a non-buffered system, the pH gradient and the distribution of supersaturation on-chip, monitoring the control of crystallisation by both pH and supersaturation. 19 To eliminate the influence of the pH gradient, MOPS buffer (100 mM) was used to keep Na 2 CO 3 and CaCl 2 at pH 7.5-a physiologically relevant pH for this protein. Using the same calculations and taking into account the various carbonate, MOPS and pH equilibria, the supersaturation ratio (S) of this system was constructed (supplementary information) and is shown in Fig. 2A & Table 2 . Although the overall shape of the supersaturation distribution is similar to a non-buffered system, 19 the value of S in this system is significantly lower. The supersaturation ratio of the system with 50 mM Na 2 CO 3 and 50 mM CaCl 2 in MOPS has an S value of 7.4 which is almost an order of magnitude lower than the non-buffered equivalent while 10 mM Na 2 CO 3 and 10 mM CaCl 2 in MOPS has an S value of 3.4 ( Table 2) . Table 2 Experimental maximum supersaturation ratios System Supersaturation ratio 10 mM Na 2 CO 3 in DI water, pH 11.0 53 10 mM CaCl 2 in DI water, pH 4.9 10 mM Na 2 CO 3 in 100 mM MOPS buffer, pH 7.5 3.4 10 mM CaCl 2 in 100 mM MOPS buffer, pH 7.5 50 mM Na 2 CO 3 in 100 mM MOPS buffer, pH 7.5 7.4 50 mM CaCl 2 in 100 mM MOPS buffer, pH 7.5
Note: The formation of bicarbonate and carbonate is determined by the pH in the system. Based on the equilibrium among H 2 CO 3 , HCO 3 , CO 3 , bicarbonate is dominant in the system consisting of 50 mM Na 2 CO 3 and 50 mM CaCl 2 in 100 mM MOPS buffer at pH 7.5. The concentration of bicarbonate (from calculations) is 46.9 mM in comparison to 0.07 mM of carbonate accounting for the much lower supersaturation ratios of CaCO 3 in the 100 mM MOPS buffer system.
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The supersaturation ratio (S) is effectively a measure of the driving force of crystallisation such that systems with high S values tend to precipitate readily. Immediately after the delivery of CaCl 2 and Na 2 CO 3 solutions into the chip, an interface formed at the start of the T-junction, where the maximum supersaturation ratio occurs. For the 50 mM CaCl 2 and 50 mM Na 2 CO 3 in MOPS, rapid precipitation of crystals occurs as indicated by the formation of microscale crystals within 1 min (supplementary video 1). In contrast, no crystal formation occurs for the 10 mM CaCl 2 and 10 mM Na 2 CO 3 in MOPS during the course of on-chip experiments. To enable fast on-chip screening of EP protein function, only the 50 mM CaCl 2 and 50 mM Na 2 CO 3 in MOPS was used in the study.
The concentration of ions and proteins at any time and their location along and across the channel can be calculated by considering both flow rate (y-axis) and lateral diffusion (x-axis). These data can be used to determine the local environment of any species. The diffusion coefficient of a large protein molecule is significantly lower than for Ca 2+ ions. As a consequence, a sharp protein concentration gradient persist over a greater distance (Dy = 10 mm) by which time the Ca 2+ concentration has diffused to become largely uniform across the channel (Fig. 2B ).
Screening the role of EP protein on-chip
Influence of 28 kDa EP protein. In the absence of any protein additives, rhombohedral calcite crystals with smooth surfaces were the dominant product, a similar phenomenon to that observed in the previous study. 19 In order to identify the influence of the 28 kDa EP protein during CaCO 3 crystal formation two protein concentrations of 50 and 10 mg/ml were used. The proteins were added to the buffered solutions of 50 mM CaCl 2 and/or 50 mM Na 2 CO 3 in MOPS. Critically, the influence of the 28 kDa EP protein on crystal formation is dependent on which solution acts as the protein carrier. 28 kDa EP protein was added either to the CaCl 2 or Na 2 CO 3 solutions, or both, prior to injection into the chip. Addition of 50 mg/ml of EP protein to the CaCl 2 channel produced predominantly hollow, lemon-shaped crystals near the starting point of the T-junction (Dy o 100 mm) (Fig. 3A) . These lemon-shaped crystals were uniform in size and closed (Fig. 3A, insert) . The formation of similar crystals was observed along the channel (downstream at values of Dy o 4 mm, data not shown). At the positions where Dy > 5 mm, the dominant lemon-shaped crystals formed were open at both ends indicating a hollow structure (Fig. 3B, insert) . In addition, calcite crystals started to form with many of them growing out of the lemon-shaped vaterite crystals, indicating a polymorph transition (Fig. 3C) . Raman spectroscopy of the lemon shaped crystals (Fig. 3D) showed them to be the vaterite polymorph.
When 50 mg/ml of EP protein was added to either the Na 2 CO 3 channel only, or to both channels, only the calcite polymorph was formed ( Fig. 4A and B) . However, these calcite crystals showed a distinct layered morphology, in contrast to the more familiar rhombohedral calcite obtained in the absence of any protein additive (denoted as inorganic calcite). The calcite layers were stacked parallel to each other although the edges were not perfectly aligned (Fig. 4A, insert) . This stacking may indicate that a further role for the 28 kDa protein which may be in line with the classical crystallisation pathway of layer-by-layer growth due to adsorption of organic additives. 27, 28 Similar phenomena were observed at the lower concentration of 10 mg/ml for 28 kDa EP protein. The presence of 10 mg/ml EP protein in the CaCl 2 solution resulted in both layered calcite and hollow vaterite crystals (Fig. 5A) . In this instance, most of the hollow crystals did not have the pronounced lemon-shape but had thinner shells. Many of the hollow crystals close to the initial meeting point of the two solutions (Dy B 0), had open shells. High magnification SEM images reveal that these hollow crystals had a rough, granular surface comprising nano-particles of B40 nm (Fig. 5B) . Further down the channel, as the diffusion processes reached equilibrium, only layered calcite was formed. Fig. 4 A representative SEM image of crystals formed inside microfluidic channel when 50 mg/ml of EP protein was present in Na 2 CO 3 solution only or in both Na 2 CO 3 and CaCl 2 solutions. (A) Layered crystals were the only product formed, which were in the middle of the channel. Insert is a typical high magnification image of one of the crystals. (B) Raman spectrum of the layered crystal shows that it is the same as standard rhombohedral calcite formed in pure inorganic solutions (inorganic calcite). 
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Positive and negative controls. The observed phenomena clearly show that the 28 kDa EP proteins affects CaCO 3 formation and suggests that it could influence biomineralisation of the molluscan shell. Although current knowledge is still far from identifying the functional groups of the EP protein and identifying how they might act in biomineralisation, its binding capacity for Ca 2+ and Mg 2+ provides a clue. 29 In order to confirm that it is the calcium-binding activity that is key in this role, 50 mg/ml of commercially available calcium binding protein (CaBP) was used for on-chip crystallisation under the same conditions as the 28 kDa EP protein. Similar results were found. When the CaBP was added to the CaCl 2 solution only, both calcite and hollow vaterite crystals were formed (Fig. 6A) , whereas, as before, only calcite formed for the other conditions.
Bovine serum albumin (BSA) has no calcium-binding activity. It is unlikely to be involved in biomineralisation and therefore serves as a non-functional protein control. BSA was added to CaCl 2 only, Na 2 CO 3 only, or both solutions. In all three cases, both solid, spherical vaterite and rhombohedral calcite crystals formed (Fig. 6B ).
Screening the role of EP protein in the bulk system
Recently, there is increasing evidence that Ca 2+ binding acidic polymers, including poly-aspartic acid (PolyAsp) and polyacrylic acid (PAA), induce the formation of hollow spherical vaterite crystals via a polymer induced liquid precursor (PILP) process where amorphous calcium carbonate (ACC) nanoparticles (ca. 20-30 nm) act as a template for growth. 30 Further work by Han et al. demonstrated that AAC spheres, at very low concentrations of PAA, surface crystallized to give hollow vaterite spheres. 31 Since all of these experiments were performed in a bulk system, 31-33 a bulk approach was employed in order to compare bulk and microfluidic systems for the influence of the 28 kDa EP protein. The EP protein was dissolved in CaCl 2 , Na 2 CO 3 or both solutions before the two solutions were mixed. In all of these combinations, only single rhombohedral calcite and calcite aggregates formed with no evidence of hollow vaterite crystals (Fig. 7) . It is worth noting that the rapid mixing in a bulk system is driven by a turbulent flow and thus no stable concentration gradients are formed.
Discussion: findings in context of biomineralisation
Understanding the mechanisms of in vivo biomineralisation and the possible function of the 28 kDa EP protein has been investigated using microfluidics. This approach, where a range of diffusion gradients can be followed, provides scenarios akin to in vivo systems where no single set of experimental parameters occurs. As protein diffuses across ionic concentration gradients, different crystal polymorphs form. For the first time, we demonstrate the critical role of the 28 kDa EP protein concentration gradient in crystal morphology and polymorph selection with the formation of lemon-shaped, hollow vaterite crystals occurring only where stable EP protein and Ca 2+ gradients co-exist.
This highly controlled in vitro system may well reflect the processes that occur in nature and enable a new approach to explore these. The rich EP protein concentration within the EP fluid, which is in contact with the growing shell surface, is in marked contrast to the low concentration of the insoluble shell matrix proteins. 29 Supersaturation and ionic diffusion gradients may provide the mechanism by which the protein influences mineral formation. One possible scenario is that the 28 kDa EP protein forms an active EP-Ca 2+ complex in the initial stages of biomineralisation within the extrapallial cavity that is mobilised by diffusion driven transport. Diffusion controlled growth of calcite on surfaces has previously been demonstrated. High resolution SEM images reveal that the lemon-shaped crystals consist of aggregates of B40 nm nanoparticles, although it is difficult to identity the nature of the individual nanoparticles, Raman spectroscopy showed the crystals were vaterite. These nanoparticles may indicate that the crystals could be formed by the recently described crystallisation mechanism of nanoscopic prenucleation clusters aggregating to form amorphous nanoparticles that develop crystalline domains. [35] [36] [37] It has also been demonstrated that the resultant crystalline polymorph (e.g. vaterite, calcite) is dependant on specific conditions, especially when additives are present. 14, 35 In line with these studies, we have also observed the slight difference in the morphology of the lemon-shaped vaterite formed with 50 mg/ml and 10 mg/ml EP proteins as well as 50 mg/ml CaBP (Fig. 3, 5 and 6 ). Calcium binding capacity and protein concentration play a significant role in the processes associated with nanoparticle stabilisation and assembly. Further studies are required to reveal the precise mechanism.
In contrast to the bulk system used in most studies, the microfluidic approach allows us to define the location and profile of the supersaturation on-chip in real time, where in situ crystal formation occurs. In addition, the interplay between supersaturation and protein transport profiles can be realised on the same device. For example, in the lemon-shaped crystal formation, near the starting point of the T-junction, both sharply constrained supersaturation and EP protein concentration profiles present limiting conditions, leading to the uniform formation of the lemon-shaped crystals (Fig. 3) . In contrast, further along the channel (Dy = 10 mm), the low supersaturation is distributed uniformly across the channel in the X-direction. However, at this point there is still a moderately steep EP protein concentration gradient, resulting in a much broader scope for interplay of the different solution components, generating variation in the size, morphology (opening of the lemon-shaped crystals) and polymorph. In theory, if the channel was long enough to make a uniform distribution in terms of supersaturation and EP protein concentration profiles, the majority of crystals formed at this point would be layered calcite, similar to the result seen when the 28 kDa EP protein was present in both solutions. Hollow vaterite spheres do occur in bulk systems in the presence in poly-acrylic acid (PAA), 31, 38 presumably as a consequence of the stronger polyelectrolyte activity of PAA compared to the 28 kDa EP protein.
Conclusions
Using microfluidics we have demonstrated for the first time, that EP proteins located in the EP fluid adjacent to the shell, can regulate, at both micro-and nanoscopic levels, morphology, structure and polymorph. Most importantly, this regulatory influence is predominantly dependent on the existence of an EP protein concentration gradient and its interaction with Ca 2+ ions. Novel lemon-shaped hollow vaterite structures with a clearly defined nanogranular assembly are formed when the 28 kDa EP protein is present only in the Ca 2+ solution and there is a protein concentration gradient. In the absence of either of these two conditions, the presence of the 28 kDa EP protein results in layered calcite. Notably, discovery of these findings would not be possible using conventional bulk mixing methods.
Diffusion associated processes may be critical in the kinetic control of biomineralisation. Such processes can be systematically created and screened on a single chip at high spatial and temporal resolution. Subsequently, a large amount of rigorously correlated information is obtained on the same chip, which may shed light on the possible mechanisms underlying biominersalisation, such as non-classical crystallisation involving nanoparticle aggregation and selfassembly. 28 Our findings not only provide direct experimental evidence of the influence of the 28 kDa EP protein in crystal formation, but also offers a new biomimetic strategy to develop functional biomaterials for applications such as encapsulation and drug delivery.
